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a b s t r a c t
The aim of the present numerical investigation is to understand the effect of aspect ratio
and partially thermally active zones on convective flow and heat transfer in a rectangular
porous enclosure. Five different heating and cooling zones are considered along the vertical
walls while the remaining portions of the sidewalls and top and bottom of the enclosure
are adiabatic. The Brinkman–Forchheimer extended Darcy model is used in the study. The
governing equations are solved by the finite volume method with the SIMPLE algorithm.
The computations are carried out for a wide range of parameters and the results are
presented graphically. The results reveal that the location of heating and cooling zones
has a significant influence on the flow pattern and the corresponding heat transfer in the
enclosure. The rate of heat transfer approaches to a constant value for very low values of
the Darcy number. The heat transfer rate is decreased on increasing the aspect ratio.
© 2011 Elsevier Ltd. All rights reserved.
1. Introduction
Convective flow in porous media has been of great interest due to wide applications in many engineering, agriculture,
geothermal, medical and biological sciences. Examples include storage of grain, transpiration cooling, ground water
pollution, food technology, radioactive waste management and certain biological materials [1–3]. Prasad and Kulacki [4]
numerically studied convection heat transfer in a rectangular porous enclosure. It is observed from their results that the heat
transfer rate increases on increasing the aspect ratio. Natural convection in a cavity filledwith non-Darcian porousmedium is
numerically investigated by Beckermann et al. [5]. The flow is modeled using the Brinkman–Forchheimer-extended Darcy
equations and the significance of non-Darcian effects is demonstrated. Du and Bilgen [6] studied natural convection in a
cavity filled with uniform heat generating, saturated porous medium for a wide range of Rayleigh numbers and aspect
ratios. Various heat transfer modes were identified in their study depending on the Rayleigh number and the aspect ratio
range. Nithiarasu et al. [7] investigated natural convection in a fluid saturated non-Darcian porous medium with variable
porosity. They found that the nature of porosity variation significantly affects the heat transfer and convection flow.
Das and Sahoo [8] numerically studied the effect of Darcy, Rayleigh numbers and heat generating parameter on natural
convection of fluid saturated heat generating porous medium in a square cavity. They found that the peak temperature
occurs at the top central part andweaker velocity prevails near the vertical walls of the enclosure due to the heat generation.
Hossain and Wilson [9] numerically analyzed natural convective flow in a fluid-saturated heat generating porous medium
in an enclosure. They found that increasing the porosity of the medium reduces the volume flow rate of the fluid in the
dominant vortex and leads to a general reduction in heat transfer at the walls. Saeid and Pop [10] numerically investigated
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Nomenclature
Ar Aspect ratio
cp Specific heat
Da Darcy number
g Acceleration due to gravity (m/s2)
Gr Grashof number
H Height of the enclosure (m)
K Permeability of the porous medium
L Width of the enclosure (m)
p Effective pressure (Pa)
Pr Prandtl number
Nu Nusselt number
Nu Average Nusselt number
T Dimensionless temperature
t Dimensional time (s)
(x, y) Dimensional co-ordinates (m)
(X, Y ) Dimensionless co-ordinates
(u, v) Dimensional velocity components in (x, y) direction (m/s)
(U, V ) Dimensionless velocity components in (X, Y ) direction
Greek letters
α Thermal diffusivity (m2/s)
β Coefficient of thermal expansion (1/K)
ε Porosity
ν Kinematic viscosity (m2/s)
ρ Density (kg/m3)
θ Dimensional temperature (K)
σ Specific heat ratio
τ Dimensionless time
Subscripts
h Hot
c Cold
convection heat transfer of cold water around the temperature of maximum density in a two-dimensional porous cavity.
The problem of natural convection flow in a porous cavity filled with water near its maximum density subjected to thermal
non-equilibrium condition was numerically examined by Saeid [11]. It is found from their results that the values of the
average Nusselt number are approaching unity for the very shallow cavity, where the buoyancy effects are small. Natural
convection in a square porous cavity with internal heat generation by the generalized non-Darcy approach was numerically
investigated by Krishna et al. [12]. They found that the anisotropic properties have significant influence on the flow behavior
and heat transfer.
Most of the research works are concerned with natural convection in rectangular geometries due to either a vertically or
horizontally imposed heat flux or temperature difference. However, the active walls may be subject to abrupt temperature
non-uniformities due to shading or other effects in some applications like solar energy collection and cooling of electronic
components. The relative position of the hot and cold wall regions has significant effects on the flow pattern and heat
transfer. In order to have the results to possess these applications, it is essential to study the convective heat transfer in an
enclosurewith partially active thermalwalls. Kuhn andOosthuizen [13] numerically investigated convection heat transfer in
a partially heated rectangular enclosure. They found that theNusselt number increases up to amaximumand then decreases
as the heated locationmoves from the top to the bottom.Natural convection in a square cavitywith partially thermally active
sidewalls for five different heating locations was numerically analyzed by Valencia and Frederick [14]. They observed that
the heat transfer rate is enhanced when placing the heating location at the middle of the hot wall.
Yucel and Turkoglu [15] made a numerical study on convective flow and heat transfer in a partially heated and partially
cooled cavity. They found that for a given cooler size, the mean Nusselt number decreases with increasing the heater size.
On the other hand, for a given heater size, Nusselt number increases with increasing the cooler size. Saeid and Pop [16]
numerically investigated the effect of discrete heating on natural convection in a porous cavity. It is shown that the location
of the discrete heater has important influence on the flow and heat transfer characteristics. Natural convection heat transfer
in a partially cooled and inclined rectangular porous enclosure had been investigated numerically by Oztop [17]. He found
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that heat transfer increases with increasing the Rayleigh number. Natural convection flow in a cubical cavity with a heated
strip was presented by Alawadhi [18]. He found that the heat transfer strongly depends on the position and orientation
of the heated strip. He also found an optimum location for the heated strip, which maximizes the heat transfer. Mobedi
and Oztop [19] numerically studied the conjugate convection problem in an enclosure with thick solid ceiling. They found
that the average Nusselt number of cold vertical wall increases by the Rayleigh number. The rate of increase is reduced by
the thermal conductivity ratio. It is also found that the heat transfer through the enclosure is influenced by the thermal
conductivity ratio.
The combined effect of convective heat and mass transfer on hydromagnetic electrically conducting viscous,
incompressible fluid through a porousmedium in a vertical channel is investigated by Nath et al. [20]. They have considered
non-uniform temperature on thewalls. The viscous dissipation is taken into account in the energy equation.Mahdy et al. [21]
studied the double-diffusive convection near a vertical truncated cone embedded in a fluid-saturated porousmedium in the
presence of thermal radiation,magnetic field and variable viscosity effects. The local Nusselt number and the local Sherwood
number are reduced on increasing the magnetic field parameter. Recently, Corcione and Habib [22] numerically studied
natural convection in a square cavity cooled at one side and partially heated at the opposite side wall. They found that
the heat transfer rate increases with increasing the Rayleigh and Prandtl numbers, and the size of the heater. Sivakumar
et al. [23] numerically studied the effect of partial heating on the mixed convection in a square cavity.
A careful review of the existing literature reveals that there is lack of fundamental information regarding the flow
structure and the corresponding heat transfer in partially heated and cooled rectangular porous enclosures. Hence, the aim
of the present study is the effect of aspect ratio on the flow and heat transfer characteristics in a partially heated and cooled
porous enclosure. In the following sections, the mathematical formulation and numerical simulation of the full governing
equations are carried out to study the transport structures and heat transfer rate. Then, the results from the numerical
computations are discussed in detail, with conclusions finally.
2. Mathematical formulation
Consider a two dimensional rectangular enclosure of height H and width L filled with fluid saturated porous medium
as shown in Fig. 1. A portion of the left wall is kept at a temperature θh and a portion of the right wall is at temperature
θc , with θh > θc . The remaining parts of the left and right walls and horizontal walls of the enclosure are insulated. Five
different cases will be studied here. That is, the hot region is located at the top, middle and bottom as well as the cold region
is located from bottom to top of their respective walls. The fluid in the enclosure is incompressible and Newtonian. The
gravity acts in the negative y-direction. The velocity components u and v are taken in the x and y directions respectively.
The porous medium is assumed to be isotropic, homogeneous and in thermodynamic equilibrium with the fluid. In this
paper, the thermal properties of the fluid are kept constant except the density in the buoyancy term. The density varies
linearly with temperature as ρ = ρ0[1 − β(θ − θ0)], where β being the coefficient of thermal expansion and subscript
0 denoting the reference state. The Boussinesq approximation is valid. It is further assumed that the viscous dissipation is
negligible. According to aforesaid assumptions, the governing equations for conservations of mass, momentum and energy
can be written as
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where Fc = 1.75√
150ε3/2
. The parameters cp, g, K , p, t, α, ν, ε and σ are the specific heat, acceleration due to gravity,
permeability of the porous medium, pressure, time, thermal diffusivity, kinematic viscosity, porosity of the medium and
specific heat ratio, respectively.
The initial and boundary conditions for the problem can be written as follows:
t = 0 : u = v = 0 θ = θc, 0 ≤ x ≤ L, 0 ≤ y ≤ H
t > 0 : u = v = 0 ∂θ
∂y
= 0 y = 0 and H
u = v = 0 θ = θh, heating portion; ∂θ
∂x
= 0, adiabatic portion; x = 0
u = v = 0 θ = θc, cooling portion; ∂θ
∂x
= 0, adiabatic portion; x = L.
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Fig. 1a. Geometry and coordinate systems.
Fig. 1b. Different thermally active locations.
The nondimensionalization technique is especially useful for systems that can be derived by differential equations. The
process of nondimensionalization starts with the choice of the scales for the given problem. This process helps us to handle
the values of physical quantities easily. Using the dimensionless variables X = xL , Y = yL ,U = uLν , V = vLν , T = θ−θcθh−θc , τ =
tν
L2
and P = pL2
ρν2
, the governing equations (1)–(4) can be written in non-dimensional form as follows:
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The dimensional quantities appeared in the equations are simplified by the non-dimensional numbers. The non-
dimensional parameters appeared in the study are the aspect ratio Ar = H/L, the Grashof number Gr = gβ1TL3/ν2,
the Prandtl number, Pr = ν/α and the Darcy number, Da = K/L2.
The initial and boundary conditions for the problem can be written as follows:
τ = 0 : U = V = 0 T = 0 0 ≤ X ≤ 1, 0 ≤ Y ≤ Ar
τ > 0 : U = V = 0 ∂T
∂Y
= 0 Y = 0 and Ar
U = V = 0 T = 1 heating portion; ∂T
∂X
= 0 adiabatic portion X = 0
U = V = 0 T = 0 cooling portion; ∂T
∂X
= 0 adiabatic portion X = 1.
The heat transfer rate across the enclosure is an important parameter in the thermal engineering applications. It is defined
by the Nusselt number along the hot wall of the cavity. The local and average Nusselt numbers at the heating portion of the
left wall of the cavity are expressed as Nu = − ∂T
∂X and Nu = 1Ar

Lh
NudY where Lh is the length of the heating portion.
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Table 1
Comparison of average Nusselt number for a square cavity with partially thermally active walls.
Model Nu
Ra = 104 Ra = 105 Ra = 106
TB MM BT TB MM BT TB MM BT
Valencia and
Frederick [14]
2.142 3.399 2.997 3.295 6.383 5.713 4.505 12.028 11.659
Present 2.089 3.318 2.888 3.136 6.198 5.643 4.397 11.832 11.298
TB→ Top–Bottom; MM→Middle–Middle; BT→ Bottom–Top.
Table 2
Comparison of average Nusselt number for a porous cavity with Pr = 1.0.
Da Ra Nu
ε = 0.4 ε = 0.6
Nithiarasu et al. [7] Present Nithiarasu et al. [7] Present
10−4 10
5 1.067 1.074 1.071 1.079
106 2.550 2.688 2.725 2.783
10−2
103 1.010 1.007 1.015 1.012
104 1.408 1.343 1.530 1.495
105 2.983 2.993 3.555 3.547
3. Method of solution
The governing equations (5)–(8) together with the boundary conditions are discretized using the finite volume
method [24]. The QUICK scheme is used for the convective terms and the central difference scheme is used for the diffusive
terms. An implicit scheme is used for time marching. The time step is chosen to be 10−4. The velocities and pressure are
coupled by the SIMPLE algorithm [24]. A uniform grid is chosen in both X and Y -directions. The resulting set of discretized
equations for each variable is solved by an iterative process. The iteration is repeated until the convergence criterionΦn+1(i,j)−Φn(i,j)
Φn+1(i,j)
 ≤ 10−6 is satisfied for each variable. The subscript n denotes previous calculation in iteration and n + 1
denotes the current calculation.
To decide the proper grid size for the present study, a grid independence test is conducted for Gr = 106,Da = 10−3,
and ε = 0.3. It is found that the grid 81 × 81 is sufficiently fine to ensure a grid independent solution for square cavity.
Similar tests are also conducted for other aspect ratios and found that the grid size was satisfactory with the following grids:
81 × 201, 81 × 251, 81 × 301, and 81 × 351 for A = 3, 5, 7 and 10. For brevity of the manuscript, the results pertaining
to grid independent tests are not presented here. In order to find the accuracy and validity of the in-house computer code
for the present problem, different numerical simulations obtained from the code are compared with the available results
in the literature. First, the present results are compared with the natural convection in a non-porous cavity with partially
active thermal walls reported by Valencia and Frederick [14] and are shown in Table 1. Next, as an additional verification,
we performed the numerical simulations for natural convection in a porous cavity with fully heated vertical walls and the
results are compared with Nithiarasu et al. [7]. The comparison is shown in Table 2. It can be observed from these tables
that the results of present simulation agree well with the earlier investigation of porous and non-porous cavities.
4. Results and discussion
Numerical studies have been performed to investigate the effect of aspect ratio and arrangements of partially active
thermal walls on the fluid flow and heat transfer characteristics of natural convection in a rectangular porous enclosure.
The range of the aspect ratio considered in the present simulation is 0.5–10. The Grashof number is varied from 103–106.
The Darcy number is varied from 10−5 to 10−1, and the porosity parameter ε is chosen as 0.3 and 0.7, while the Prandtl
number is fixed at Pr = 0.7. Based on the arrangements of the partially active thermal wall locations, the above parametric
studies are carried out for five different cases of partial heating and cooling. In the first case, the heating and cooling zones
on the left and right walls are respectively placed near the top boundary and are refereed as (i) Top–Top. In a similar manner,
the heating and cooling zones are respectively, arranged at different locations on the left and right walls, and are referred as
(ii) Top–Bottom, (iii) Middle–Middle, (iv) Bottom–Top and (v) Bottom–Bottom according to their locations. An illustrative
flow pattern and the temperature distribution for the above five different cases of partial heating and cooling are exhibited
by plotting the contours of stream traces, isotherms and velocity profiles in the enclosure. The heat transfer rates at the
partially heating wall are presented in terms of local and average Nusselt numbers at the left hot wall.
4.1. Flow and temperature fields
Fig. 2 shows the flow pattern and temperature distributions inside the enclosure for different heating/cooling locations.
When heating and cooling locations are in the upper half of the enclosure, the fluid in the lower half of the enclosure is
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(a) Top–Top. (b) Top–Bottom. (c) Middle–Middle. (d) Bottom–Top. (e) Bottom–Bottom.
Fig. 2. Streamlines (up) and isotherms (down) for different heating locations with Gr = 106, Ar = 3, ε = 0.2 and Da = 10−3 .
stagnant. The core region of the clockwise rotating cell splits into two parts on moving the cooling zone to the lower half of
the enclosure. However, the dual inner cells are not found in the other thermally active locations. The cell occupies thewhole
cavity in the Middle–Middle location. The corresponding isotherms show the vertical temperature stratification in the core
region of the cavity. When changing the location to Bottom–Top, the vertical temperature stratification disappeared. The
fluid in the upper half of the enclosure is stagnant for the Bottom–Bottom active location. Fig. 3 exhibits the streamlines
and isotherms to reveal the hydrodynamic flow and thermal fields of the Middle–Middle heating location inside the porous
enclosure for two Darcy numbers and porosities. The flow and temperature fields for ε = 0.2 and Da = 10−5 are shown
in Fig. 3(a). At Da = 10−5, typically a low Darcy number, the resistance from the boundary friction becomes progressively
significant and adds to the bulk frictional drag induced by the solidmatrix to slowdown the convectivemotion. This is due to
the fact that, in the limit of Darcy number approaching to zero, the Brinkman–Forchheimer-extended model reduces to the
Darcy law. However, as the Darcy number is increased from 10−5 to 10−3, the effects of viscous forces will be dominant and
hence the flow velocities become significant. As the Darcy number is increased, the permeability of the porous medium
increases and hence the boundary frictional resistance becomes gradually reduced, and in turn the fluid circulation is
significantly enhanced within the enclosure. Indeed, increasing the Brinkman term implies that the balance between the
Darcy term and the buoyancy force in the boundary layer is progressively replaced by the balance between the viscous force
and the buoyancy force. The resulting viscous force increases the velocity at high Darcy numbers. The effect of Darcy number
on the flow pattern is evidently seen from the stream traces. The general conclusion based on these plots is that increasing
Da (permeability) helps the flow to penetrate deeper into the porous layer.
Fig. 4 shows the effect of aspect ratio on flow pattern and temperature distributions for the Bottom–Top thermally active
location. A single clockwise rotating cell is found for all aspect ratios. Two inner cells exist in the core region of the shallow
enclosures, (Ar < 1). The inner cells are disappeared in the square and vertical enclosures. The cell is skewed upward along
the right (cold)wall and downward along the left (hot)wall. The right-top and left-bottom corners seem to be inactive due to
the Bottom–Top thermally active locations. This is clearly seen from the corresponding isotherms. Strong thermal boundary
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(a) ε = 0.2,Da = 10−5 . (b) ε = 0.2,Da = 10−3 . (c) ε = 0.5,Da = 10−3 .
Fig. 3. Streamlines (left) and isotherms (right) of theMiddle–Middle heating location for differentDarcy numbers andporositieswithAr = 3 andGr = 106 .
layers are formed at the active locations. The isotherms indicate that the heat is distributed well in the enclosure for all
aspect ratios. It results that the heat transfer rate is enhanced in the Bottom–Top thermally active location. Fig. 5 shows the
fluid flow and temperature distributions of the Top–Bottom location for different aspect ratios. When Ar = 0.5, a single
cell pattern is observed in Fig. 5(a). For the case of square cavity, there exist two inner cells each at the top-left and bottom-
right corners of the cavity. Further increasing the aspect ratio, the two inner cells grow in size and strength; while the inner
two small re-circulating eddies occur in the middle of the cavity. When Ar > 5, the circulation of the eddy is weakened
and the fluids in top and bottom of the cavity are stagnant. The stagnant region is increased on increasing the aspect ratio
though the thermally active zones are at top and bottom. The heating and cooling zones are not in the same plane which
causes the buoyancy force and then reduces the circulation of flow. It is clearly seen from the isotherm plots that the heat
is distributed well throughout the enclosure when Ar ≤ 1. The vertical temperature stratification is observed in the middle
of the enclosure for Ar ≥ 2. The convection is suppressed in the vertical rectangular enclosure, that is, the conduction
region is increased on increasing the aspect ratio. Hence, the Top–Bottom location shows very poor heat distributions in the
rectangular vertical cavity and it results the low heat transfer rate.
Fig. 6 shows the flow pattern and temperature distributions of the Middle–Middle location for different aspect ratios. A
single cell pattern is observed for all aspect ratios. However, the two inner cells exist in the core region of the enclosure for
Ar ≤ 1. On increasing the aspect ratio, the two inner cells disappear and the major cell is skewed. Further on increasing the
aspect ratio, the fluid in the upper and lower parts of the enclosure is stagnant. It is seen from the corresponding isotherms
that large temperature gradients characterize the region immediately adjacent to the thermally active wall locations while
negligible gradients (normal to the hot/cold wall location) prevail in the rest of the cavity. Such behavior indicates the
thermal boundary layer structure. A thin thermal boundary layer exists along the active zones for the vertical enclosure.
But the thermal boundary layer does not exist for low aspect ratio enclosures. Hence, the flow and heat distributions show
the different patterns on the shallow cavity and the vertical cavity. The stagnant portion at bottom and top boundaries for
the cases Top–Bottom and Middle–Middle can be clearly seen from the figures. In order to have a better understanding of
the flow behavior for different thermally active zones and aspect ratios, the flow velocities along the mid-section of the
enclosure are presented in Fig. 7. Velocity profiles reveal that the location of heating/cooling zones has a major influence on
the flow field. The maximum vertical velocity is found for the case of Bottom–Top heating and cooling. It is also observed
that the velocity increases with increasing the aspect ratio for the Middle–Middle location.
4.2. Effect on heat transfer
The important quantity of practical interest in natural convection problems is the local and average Nusselt numbers
which quantifies the amount of the heat dissipated from the partially heated wall. The local Nusselt number for different
thermally active locations and aspect ratios is depicted in Fig. 8. The local Nusselt number curves reveal two different
patterns that depend mainly on the location of heating. When the bottom portion is heated, the local Nusselt number curve
reveals an increasing trend in the beginning and then decreases until it increases a little, at the end of the heating section.
But, for the case of top heating, the local Nusselt number curve decreases from the beginning to the end of the heating zone.
The highest and lowest local Nusselt numbers are obtained, respectively, at starting and ending points of the heating zones.
Also, it can be observed that the local heat transfer rates are substantially increased by increasing the aspect ratio (Fig. 8(b)).
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(a) Ar = 0.5. (b) 1. (c) 3. (d) 5. (e) 7. (f) 10.
Fig. 4. Streamlines (up) and isotherms (down) of the Bottom–Top heating location for different aspect ratios with Gr = 106, ε = 0.2 and Da = 10−3 .
The influence of thermally active locations on the heat transfer rate is the main emphasis of the present study and its
effect on the average Nusselt number is demonstrated in Figs. 9–11 for all the cases of thermally active locations and for
different values of the aspect ratios, Darcy numbers, porosities and Grashof numbers. An overview of the figure reveals
that the average Nusselt number increases steadily with the Grashof number and, in particular, increases significantly for
Gr > 104 due to the enhanced convection for all the cases of partial heating. However, the average Nusselt number strongly
depends on the thermally active locations. The value of average Nusselt number decreases with aspect ratio for Gr = 103.
The value of average Nusselt number increases up to Ar = 1 and then decreases with increasing aspect ratio for Gr = 106.
It is observed that the average heat transfer rate increases with increasing porosity and Darcy number. This behavior can be
related to the transition of the heat transfermechanism from conduction (lowDarcy number) dominated flow to convection
(high Darcy number). Further, it is very obvious that the heat transfer for the case of Middle–Middle heating and cooling
produces a better heat transfer rate compared to other cases of partial heating.
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(a) Ar = 0.5. (b) 1. (c) 3. (d) 5. (e) 7. (f) 10.
Fig. 5. Streamlines (up) and isotherms (down) of the Top–Bottom heating location for different aspect ratios with Gr = 106, ε = 0.2 and Da = 10−3 .
5. Conclusions
A numerical study on natural convection in a rectangular porous enclosure is carried out with five different locations of
heating and cooling zones. The analysis is mainly focused on the effect of aspect ratio and location of the heating/cooling
zones on the natural convection in the cavity. The main conclusions of the present study are as follows. The location of
heating and cooling has a significant influence on the convective flow and heat transfer rate in the enclosure. The rate of
heat transfer in the cavity is found to be higher for the case of Middle–Middle thermally active location than the other cases
of partial heating locations. The heat transfer rate can be increased by increasing the Grashof number, the porosity and the
Darcy number. In particular, the heat transfer rate increases steeply for Da ≤ 10−3 and Gr ≥ 104. However, the convection
strength is delayed as the Darcy number is decreased. The average heat transfer rate is decreased on increasing the aspect
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(a) Ar = 0.5. (b) 1. (c) 3. (d) 5. (e) 7. (f) 10.
Fig. 6. Streamlines (up) and isotherms (down) of the Middle–Middle heating location for different aspect ratios with Gr = 106, ε = 0.2 and Da = 10−3 .
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a b
Fig. 7. Velocity profiles for different (a) heating locations and (b) aspect ratios.
a b
Fig. 8. Local Nusselt number for different (a) heating locations and (b) aspect ratios.
Fig. 9. Average Nusselt number vs. Grashof number for different locations.
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(a) Gr = 103 . (b) Gr = 106 .
Fig. 10. Average Nusselt number vs. aspect ratio for different locations.
Fig. 11. Average Nusselt number vs. aspect ratio for different porosities and Darcy numbers.
ratio. The location of partial heating has different effects on the velocity and heat transfer. The vertical velocity is found to
be high for the Bottom–Top case, whereas the Middle–Middle thermally active location produces a better heat transfer.
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